This study investigated the toxicity changes and sorption of pharmaceuticals and endocrine disrupters in the presence of humic acid (HA). For the sorption experiment, a dead end filtration (DEF) system was used to separate bound and free-form target compounds. An algae growth inhibition test and E-screen assay were conducted to estimate the toxic effect of pharmaceutically active compounds (PhACs) and endocrine disrupting chemicals (EDCs), respectively. The permeate concentration was confirmed using liquid chromatography-mass spectrometry. In the sorption test, 
INTRODUCTION
The widespread occurrence of pharmaceutically active compounds (PhACs) and endocrine disrupting chemicals (EDCs) has been demonstrated by a number of monitoring studies (Kolpin et al. ; Zuccato et al. ) . It is well reported that PhACs and EDCs are ubiquitous contaminants of wastewater effluents and surface waters at several tens nanograms per litre to sub-micrograms per litre concentrations. The continual release of pharmaceuticals into aquatic environments via wastewater effluent, hospital effluent, and agricultural runoff, which are caused by incomplete metabolism, ineffective treatment removal or improper disposal, results in continuous exposure of organisms to pollutants and consequently induces unexpected detrimental effects (Daughton & Ternes ; Zuccato et al. ) . The issues surrounding the potential long-term effects at low levels of PhACs and EDCs are of concern as they cause irreversible physiological conditions via maternal transfer after several generations of exposure (Daughton & Ternes ; Kim et al. ) .
The sorption of PhACs and EDCs is generally considered to be a major process influencing their behavior, fate and transport and controlling their toxicity in the environment (Tolls ; Zhou et al. ; Guo et al. ) . Humic substances are ubiquitous in the aquatic environment and account for 10 to 30% of dissolved organic carbon in freshwater and seawater and 70 to 90% in wetland waters (Thurman ) . Humic substances play important roles in the bioavailability of pollutants because they can bind to contaminants, resulting in changes of the fate and biological toxicity of trace organic pollutants in aquatic systems (Liu et al. ; Zhou et al. ) . A widely accepted view of the sorption of neutral non-polar organic compounds is that hydrophobicity can play a predominant role (Tolls ) and that the octanol-water partition coefficient, K OW , can be a useful parameter to predict the sorption of non-ionizable organic pollutants in soils and sediment (Burkhard ) . However, this view inadequately describes the sorption of many PhACs and EDCs because these usually contain several polar and ionic functional groups, which can develop multiple interaction mechanisms with sorbents.
The binding of organic compounds to colloidal organic matter has been studied and a variety of methods such as dialysis, reverse-phase separation, ultra-filtration, solubility enhancement, solid-phase microextraction (SPME), and fluorescence quenching (FQ) have been applied. However, these methods have some disadvantages; the dialysis method is not rapid, SPME is not efficient and FQ is only applicable to those compounds possessing fluorescent properties (Liu et al. ) . A separation method using membrane such as a dead end filtration (DEF) system is one of the methods to cover these disadvantages. The DEF system was developed to study the partition of organic pollutants between the colloidal and dissolved phase. In particular, the DEF system is efficient to determine the sorption coefficient of ionic compounds as well as neutral compounds (Yoon et al. ) .
The five PhACs and three EDCs were selected for this research. The compounds are frequently detected in aquatic environments and may cause an adverse effect on aquatic species at low levels of compounds. Besides, these chemicals represent a broad diversity of physicochemical properties (e.g. size, portion of aliphatic/aromatic, charge, hydrophilic/ hydrophobic). The objective of this study was to confirm that the sorption of the PhACs and EDCs onto colloidal humic acid (HA) reduces the toxicity in bioassay tests using freshwater green algae (Pseudokirchneriella subcapitata) and MCF-7 BUS cells (human breast cancer and estrogen sensitive cells). In addition, we evaluated the correlation between the chemical properties of target compounds and their sorption efficiencies.
MATERIALS AND METHODS

Chemicals and reagents
The target compounds, five PhACs, including Tetracycline (TC), Sulfamethoxazole (SMX), Lincomycin (LIN) hydrochloride, Tylosin (TYL) tartrate and Tolfenamic (TF) acid, were purchased from Sigma (St Louis, MO, USA) and three EDCs, 17β-estradiol (E2, 99.7%), 4-octylphenol (4-OP, 99.0%) and Genistein (Gen, 98.0%). Table 1 shows the various physicochemical properties of target compounds estimated by I-Lab 2.0 program (Advanced Chemistry Development Inc., Toronto, Canada). HA, formic acid, and dimethyl sulfoxide (DMSO, 99.5%) were obtained from Sigma. Stock solutions of all of the EDCs were prepared in 1,000 mg/L using methanol. Except for TF, the stock solutions of the pharmaceuticals were made in deionized water, whereas TF was dissolved in DMSO. They were stored at À20 W C in a refrigerator and diluted with each solvent for the test.
Colloidal HA isolation using DEF system A DEF system was operated via a stirred assembly (Amicon, USA). An Amicon PL-1 ultrafiltration disc (regenerated cellulose membrane, Millipore, USA) with a 1 kD molecular weight cut-off in 63.5 mm diameter and a flat-sheet membrane was used. We measured the membrane contact angle following the standard sessile drop method by a contact angle analyzer (TanTec, IL) because the membrane contact angle is an index of hydrophilicity/hydrophobicity of a membrane surface. Permeates within the initial 15 minutes of every filtration were discarded to avoid permeate dilution of the samples by deionized water residue in the membrane and system. An initial volume of 150 mL of a given sample was passed through the membrane, and 100 mL of permeate was obtained. Each experiment was conducted in batch mode at 2.5 kgf/cm 2 . The nominal operating permeate flux was 0.42 mL/minutes. Permeate was collected in a brown glass bottle and stored at 4 W C for bioassay and chemical analysis. The total organic carbon (TOC) concentration of the final rinse water was measured to assure the background level of the filter. All of the experiments were performed at room temperature, and each sample was analyzed in triplicate. The TOC of the HA solution and the permeates were analyzed using a Sievers 800 TOC Analyzer.
Bioassay
Five PhACs, i.e., TC, LIN, SMX, TYL and TF, were chosen as target compounds. Freshwater green algae, Pseudokirchneriella subcapitata, were cultured. The algal growth inhibition of PhACs on P. subcapitata was conducted following the EPA method (EPA ) to evaluate the effect of colloidal HA on PhACs toxicity. Pseudokirchneriella subcapitata was exposed to permeate that was passed through the ultra-membrane. After 96-h, the cell density was measured by estimating the optical density at 683 nm using a UV spectrophotometer (Shimadzu, Japan). The concentration to inhibit 50% of cell growth (IC 50 ) of the test algae was calculated by a concentration-response curve. An MCF-7 BUS cell (human breast cancer and estrogen sensitive cells) proliferation assay was conducted according to Soto et al. () , and the results were determined using an SRB assay for three EDCs, i.e. E2, 4-OP and Gen. The cells were maintained in Dulbecco's Modified Eagle's medium (DMEM, Gibco, USA) supplemented with 10% feral bovine serum (FBS, Gibco, USA) and 1% antibioticantimycotic (Gibco, USA) at 37 W C in an atmosphere of 5% CO 2 /95% air under saturated humidity. To minimize the estrogenic activity from the serum and to increase the sensitivity of the E-screen assay (Soto et al. ) , the FBS was stripped with 5% activated charcoal-0.5% dextran (Sigma, USA). After the treatment of cells for six days, each well was washed with sterile water 5-6 times and dried completely at room temperature. Staining of the cell was performed with 300 μL of 0.4% SRB (Sigma, USA), and the cells were incubated for 1-h. The wells were washed 5-6 times with 1% acetic acid, diluted with distilled water and dried completely at room temperature. Each well was added to the 400 μL 10 mmol/L Tris solution (Amresco(R), pH 10.5) and incubated at 150 rpm for 30 min. The optical density was measured at a 560-nm wavelength with an enzyme-linked immunosorbent assay (ELISA) reader (Bio-Tek, USA). CDFBS DMEM without hormones and 10 À10 mol/L of E2 composed the negative and positive control, respectively. To minimize the variation, the raw absorbance data were normalized, and the proliferation was calculated using Equation (1):
where Abs test is the absorbance of the test compound in a well, Abs NC is the absorbance of the negative control well, and Abs PC is the absorbance of the positive control well.
Sorption to HA
A 1,000 mg/L HA stock solution was filtered with a 0.45 μm (cellulose acetate, Millipore, USA) and 0.2 μm (cellulose acetate, Millipore, USA) pore size filter, successively ( Figure 1 ). The HA solution was diluted to 5, 10, 20 and 40 mg C/L using deionized water, and the pH was adjusted to 7 using 0.1 mol/L NaOH and 0.1 mol/L HCl. Each HA sample was prepared at a 150 mL volume in brown glass bottle and agitated at 150 rpm at 25 W C for 24 h. Then, the initial concentrations of the target chemicals (PhACs: IC 50 values, EDCs: 100 μg/L) were injected in the HA. These mixture solutions were agitated for 24 h, which is a sufficient amount of time for sorption equilibrium (Loffredo & Senesi ) . After stirring, we obtained the permeates by using a DEF cell, which consisted of a 200-mL stirred cell (Amicon, USA) pressurized with nitrogen gas.
Estimation of sorption coefficient (K coc )
The binding of compounds with colloids in solution and the sorption coefficient (K COC ) can be described as follows (Liu et al. ) :
where K COC is the sorption coefficient of compounds between colloids and the dissolved phase (L/Kg); [compound free] and [compound colloids] are the concentrations (μg/L) of 'soluble' (truly dissolved þ bound to truly dissolved organic matter (DOM)) and colloidbound compounds, respectively. The [colloids] term is the total organic concentration of colloids in solution (mg C/L). In addition, the mass balance of compounds can be described as follows:
where [compound total] is the total concentration of compounds. By combining Equations (3) and (4), (5) was obtained:
For DEF operation, Equation (6) can be expressed as
where C t and C p are the total and permeate concentrations of the selected compounds (μg/L), respectively; [HA] is the colloidal HA concentration in solution (mg C/L).
Chemical analysis
Ultra-membrane filtration permeate samples were analyzed by liquid chromatography-mass spectrometry (LC/MS) (Shimadzu LC-20AD, Japan) equipped with an auto sampler LC/ MS-2010EV. An ACE-C18 column (150 × 2.1 mm, 5 μm) was used for chemical separation. LC/MS analysis was conducted in most instances with an ESI interface operation in the negative ion mode of ionization for estrogens and in positive ion mode for ionization for PhACs using liquid nitrogen gas for nebulization and desolvation. A multistep binary elution gradient was also employed for the analysis of PhACs and EDCs. The total mobile phase flow rate was 0.2 mL/min and the mobilizing gas flow rate was 1.5 L/min. The CDL temperature and heat block temperature were 250 W C. The pump pressure was 0.2 MPa, with a detector voltage of 1.5 kV and IG vacuum of 1.2 × 10 À2 Pa. The injection volume of E2 was 20 μL, and the volume of the others was 10 μL, including the internal standard (Bisphenol A-d16). In the case of E2, mixtures of diluted methanol and diluted acetonitrile with gradient elution from 10 to 50 to 100% organic solvent have normally been used as mobile phases. Acids to improve the sensitivity of MS detection were used with acetic acid, formic acid, and ammonium acetate (de Alda et al. ).
RESULTS AND DISCUSSION
Validation of the DEF system for colloid isolation
The membrane contact angle was 36 ± 2.60 W , indicating that the ultra-membrane used in the DEF system has a hydrophilic surface, and it is suitable for filtration of hydrophilic organic compounds such as most EDCs and pharmaceuticals. All of the compounds showed strong recoveries after filtration using the DEF system (91.5-105.3%). The measured permeate TOC concentration was negligible compared to deionized water. This result certifies that colloidal HA hardly passes through the 1 kD ultra membrane, which is consistent with a previous report (Aster et al. ) . It shows that the DEF system only filters colloidal HA. Thus, the results of the bioassay and sorption in this study were derived from the interaction between the target compounds and colloidal HA.
Concentration-response of PhACs and EDCs
To evaluate the toxicity of 5 PhACs (TC, LIN, SMX, TYL and TF), a 96-h algae growth inhibition test was conducted. Table 2 shows the median cell growth inhibition concentration (IC 50 ) calculated from the concentrationresponse curves of 5 PhACs. LIN shows the highest growth inhibition, followed by TC, TYL, TF, and SMX. The toxicity of 3 EDCs (E2, 4-OP and Gen) was identified by an E-screen test using MCF-7 BUS cells ( Table 2 ). The concentration-response curves of the 3 EDCs were followed a sigmoid curve, and the median effect concentrations (EC 50 ) were calculated by a regression equation. E2 shows the lowest EC 50 value, followed by Gen and 4-OP.
Sorption of PhACs and EDCs on HA
The concentration of the target compounds was measured by LC/MS. The ratio of the total (C t ) and permeate (C p ) concentrations of the selected compounds is depicted in Figure 2 . We calculated the statistical difference by Kruskal-Wallis test (SPSS, IBM). Except for SMX, the ratio of C t /C p of all compounds significantly increased in proportion to the HA concentration, implying increased binding of the target compounds to HA. TC and 4-OP showed high sorption on HA even at a concentration of 5 mg C/L. However, the poor linearity of SMX indicates that SMXs do not sorb to the HA. Table 3 shows the parameters computed in Equation (6) The permeate concentrations of the target compounds were significantly changed by colloidal HA. This indicates that the bioavailability of PhACs and EDCs was affected by the colloidal HA. However, the influence of colloidal HA varies by compound. For instance, in PhACs, TC showed the greatest changes in the permeate concentration and K COC , whereas SMX was not affected by colloidal HA. These differences are derived from the various interactions between the target compounds and colloidal HA. Therefore, the sorption process of these compounds is necessary for understanding their toxicity in natural systems. There are several processes involved in the sorption of organic compounds, including electrostatic interaction, the hydrophobic effect, and so on . Electrostatic interaction is probably the main mechanism in the 5 PhACs, whereas the hydrophobic effect is an important process in the 3 EDCs.
H-bonding and cation exchange are major sorption mechanisms of TC on HA rather than the hydrophobic effect. TC has multiple ionizable functional groups. It exists as a zwitterionic species at a pH of 7. Cation exchange can be induced via electrostatic forces between the positive charged TC fraction and the negatively charged fraction of carboxyl groups in HA. In addition, the polar TC fraction (hydroxyl, ketone, and amino) can interact strongly with the acidic group of HA (Avisar et al. ) . LIN, with a pK a value of 7.6, is a cationic species at a pH of 7. Wang et al. () demonstrated cation exchange between LIN, and the negative charge in clay is a key mechanism of LIN sorption on clay. Considering the cation species of LIN and the deprotonated site (carboxyl groups) of HA, the cation exchange between LIN and HA is regarded to be a major mechanism. The sorption of SMX on HA was not observed in this study. The isoelectric point (pI) of SMX is approximately at pH 4.5. The molecules carry a net negative charge above the pI. Since the HA surfaces are negatively charged, SMX can be weakly sorbed on HA by the repulsion. For this reason, several studies also observed negligible sorption of SMX on clay (Avisar et al. ) and HA (Hou et al. ) . In the case of TYL, the cation exchange and hydrophobic effect have been regarded as the mechanisms of TYL sorption on minerals, soil, and HA. The cationic TYL can combine with negative HA via electrostatic interactions (Guo et al. ) . According to our estimation using the I-Lab 2.0 (Advanced Chemistry Development Inc., Toronto, Canada), approximately 85% of cationic TYL and 15% of neutral TYL coexist in solution at a pH of 7. Therefore, in this study, the cation exchange is likely to be the primary mechanism, whereas the hydrophobic effect is secondary for TYL sorption on HA. Ra et al. () observed a low sorption efficiency of TF on suspended aluminum oxide particles coated by HA, in contrast with our results. The sorption is significantly affected by pH, ionic strength, cationic exchange capacity, and so on (Kümmerer ). The pH and ionic strength in previous test solutions were controlled as 7.8 ± 0.2 and 9 × 10 À3 mol/L, whereas the pH of the test solution in this study was set at 7.0. As a result, the different test conditions might result in a conflicting result. The hydrophobic interaction between EDCs and the sorbent has been reported as a main mechanism of EDCs sorption due to the strong correlation of the sorption coefficient and K OW (Mashtare et al. ) . However, the hydrophobic interaction cannot fully explain EDCs sorption because the relationship between the sorption coefficient and K OW cannot be obtained in some studies (Yamamoto & Liljestrand ; Liu et al. ; Ra et al. ) . The phenolic hydroxyl group in C-3 and the hydroxyl group in C-17 Therefore, H-and covalent bonding can be the secondary sorption mechanism of EDCs.
Effect of HA on PhACs and EDCs toxicity
To determine the effect of HA on 5 PhACs algal toxicity, the concentrations of 5 PhACs were selected as IC 50 values to observe the alteration degree of growth inhibition. As shown in Figure 3, only TF showed a relatively high logK COC (4.40), which was not observed in SMX. Therefore, it is expected that TF may be less toxic than SMX in environments that have organic carbon. The same range of HA (0-40 mg C/L) was injected into each of the 3 EDCs (E2, 4-OP and Gen) to evaluate the HA effect on MCF-7 BUS cell proliferation. The relative proliferation of EDCs was calculated based on their initial proliferation without HA. The relative proliferation of three EDCs was depicted in proportion to the HA concentration (Figure 4) . The relative proliferation of all 3 EDCs was significantly reduced (Kruskal-Wallis test, p < 0.05). In particular, 4-OP shows the highest decrease of proliferation (69.50%), followed by Gen (53.50%) and E2 The bars represent the standard deviation of the mean. Statistical differences were analyzed by Kruskal-Wallis test (*p < 0.05). Figure 5 ). The chemical analysis results from LC/MS and the bioassay are well correlated. It has been known that toxic effects can also be caused by chemical byproducts. However, this result shows that the toxicity change is correlated to the concentration change from the sorption process. It means that the toxicity of the target compounds in this study was not changed by the byproducts of the sorption process. In addition, it is reasonable to assume that the sorbed form of PhACs and EDCs is not bioavailable. Thus, the bioavailability of eight target compounds was expected according to the chemical analysis results. However, if the results obtained from this study are applied to an aquatic environment, we should consider the uncertainties in the characteristics of DOM in rivers and wastewater effluent, unlike commercial HA in our bioassays. In general, natural DOM contains some inhibitory and anti-estrogenic compounds, which may cause cell toxicity and inhibit the induction of estrogenicity by their transfer to biological binding receptors through the cell membrane (García-Reyero et al. ). This may result in the increased inhibition of algal growth and partially reduced estrogenicity compared to that of commercial HA. To minimize the discrepancy in the real environment, DOM properties (size, composition and microbes etc.) should be investigated.
Consequently, the sorption mechanism should be considered with regard to the toxicity of PhACs and EDCs because it occurs naturally when aquatic environments are exposed to those pollutants. Additionally, the sorption characteristics of the target chemicals can be attributed to the differences in their chemical properties and structures. In this study, the sorption of the target chemicals is not fully explained by the hydrophobicity. The K OW value is not a suitable indicator of the sorption of ionizable organic compounds because the reported K OW values generally represent the neutral form of the molecules (Burkhard ). Thus, log K OW seems to be an excessively restrictive model of the pharmaceutical distribution in the environment. Electrostatic interaction is probably the main mechanism in ionizable PhACs, whereas the hydrophobic effect is an important process of the targeted EDCs in this study. Besides, we considered the interaction between a single chemical and HA, which is not a real scenario of mixture pollutants. Therefore, the interaction between the mixture of organic pollutants and colloidal HA should be carefully considered when studying the toxicity effects on environmental water samples. 
CONCLUSION
In the present study, the effect of colloidal HA on the mobility of PhACs and EDCs was evaluated in terms of the sorption and toxicity. All of the compounds demonstrated a toxicity reduction from sorption on HA, except for SMX. The sorption efficiency varied with the HA concentration and target chemical properties. TC and 4-octylphenol showed the highest sorption at a broad range of HA concentrations. The algal growth inhibition of PhACs and the estrogenic effects of EDCs were significantly decreased in proportion to the HA concentrations, except for SMX. The chemical analysis results were consistent with the bioassay results, indicating that the toxicity of the target compounds can be predicted from the chemical analysis. Consequently, the sorption of PhACs and EDCs on HA should be 
